Abstract. Vascular endothelial growth factor (VEGF) is an important signaling protein and a predominant mediator of angiogenesis in tumor growth and metastasis. Therefore, antagonism of the VEGF pathway results in inhibition of abnormal angiogenesis, then suppression of tumor growth and metastasis. VEGF-Trap, a high-affinity soluble decoy receptor, is currently in phase II clinical trails, and has demonstrated more efficacy in different types of solid tumors by intravenous injection every two weeks. In our study, we used recombinant AAV2 as a delivery vehicle to achieve long-lasting expression of VEGF Trap protein in a mouse model for the first time. We report that AAV2-VEGF-Trap can be safely administered and sustained expression in vivo via a single intravenously administration, simultaneously suppressing primary tumor growth and preventing the pulmonary metastases of 4T1 tumors. Decreased microvessel density and increased tumor cell apoptosis were observed in the treatment group. AAV2-VEGF-Trap can obviously decrease not only the concentration of VEGF in sera, but also the concentration of other angiogenic factors, such as aFGF, bFGF, angiopoietin-1 and others. These studies suggest that AAV-mediated long-term expression of VEGF-Trap is a useful and safe tool to block tumor progression and inhibit spontaneous pulmonary metastases.
Introduction
Angiogenesis is necessary for tumor growth, invasiveness and development of metastasis (1) (2) (3) (4) . Angiogenesis is a complex process that is tightly regulated by pro-and anti-angiogenic growth factors (5) . At present, it is clear that the role of angiogenic factors include VEGF, aFGF, bFGF, angiogenin, PD-ECGF, TGF and TNF (6) (7) (8) (9) . The predominant regulator of tumor angiogenesis is vascular endothelial growth factor (VEGF) (10) (11) (12) , which plays a vital role during normal embryonic angiogenesis, endothelial cell proliferation and also in the physiological and pathological angiogenesis. Furthermore, an essential role for VEGF in tumor angiogenesis has been demonstrated in an animal model (13) . VEGF has received attention as a target for therapeutic angiogenesis (14) .
VEGF-targeted therapies were generally neutralizing VEGF antibody and dominant-negative VEGF receptors (15) . A previous study has described antiangiogenic therapy with VEGF-Trap that may be a new and perhaps more effective approach to block tumor-associated VEGF, and act as a soluble decoy receptor and a high-affinity anti-VEGF agent for VEGF. VEGF-Trap consists of portions of the extracellular domains of both VEGFR-1 and VEGFR-2 fused to an Fc segment of human IgG (16) . VEGF-Trap, an antiangiogenic agent, can prevent VEGF to bind to its receptor, in order to block activities of VEGF. Suppressing vascularization and tumor growth in vivo by VEGF-Trap, tumors appears to be stunted and almost completely avascular. The high affinity fusion proteins have been reported to cause regression of coopted vessels, therefore suppressing tumor growth by inhibiting tumor induced angiogenesis (17) . A recently study demonstrated that VEGF-Trap treatment was efficacious in both initial and advanced phases of tumor development by significantly prolonging survival (18) . In order to obtain long-term tumor-free survival by VEGF-Trap therapy, the agent inhibiting tumor neovasculature needs to be systemically maintained at stable therapeutic levels. Administration of purified VEGF-Trap needs multiple administrations and may be limited by their short half-life with associated discomfort and cost (4.0 mg/kg intravenously injection every two weeks in clinical trails). Thus, production of VEGF-Trap may overcome these limitations after gene transfer.
There are some requirements for vectors used in antiangiogenic gene therapy, for example, no or low toxicity or immunity, and the sustained expression. Therefore, adeno-associated virus (AAV) is a very attractive candidate for creating viral AAV2-mediated gene transfer of VEGF-Trap with potent suppression of primary breast tumor growth and spontaneous pulmonary metastases by long-term expression vectors for gene therapy (19) (20) (21) 
Materials and methods
Cell lines. The murine breast carcinoma 4T1 cells were purchased from the American Type Culture Collection (ATCC; Rockville, MD, USA). These cells were cultured in RPMI-1640 supplemented with 10% fetal bovine serum, 2 mM glutamine, and antibiotics (100 U/ml penicillin and 100 µg/ml streptomycin). Cells were grown at 37˚C in a humidified 5% CO 2 atmosphere.
Western blot analysis of AAV2-VEGF-Trap in vitro.
AAV The mice were divided into three groups after inoculated s.c. with 4T1 tumor cells and each group had six animals. Seven days after inoculation, AAV2-VEGF-Trap or AAV2-Null in 50 µl of PBS was administered intravenously. The first group was injected with normal saline (NS). The second group of animals was treated with 6x10 9 viral genomes (vg) AAV2-VEGF-Trap, and the third group with 6x10 9 vg of AAV2-Null. Tumor size was measured every 3 days with a digital caliper for two-dimensional length and width, and tumor volume was calculated as (length x width 2 )/2. Two groups of normal female Balb/c mice, 6 weeks of age, were intravenously administered with AAV2-VEGF-Trap (6x10 9 vg) or AAV2-Null (6x10 9 vg). The sera were collected every week for 13 weeks to measure the levels of VEGF Trap by ELISA.
Expression of VEGF-Trap by ELISA. Levels of VEGF-Trap
were measured by ELISA. Briefly, blood was collected through the tail vein on days 0, 1, 3, 7, 21 and 28 after AAV2-VEGFTrap administration in the tumor model and the sera were collected every week for 13 weeks in two groups of normal female Balb/c mice. ELISA plates were coated with 2 µg/ml hVEGF165 in carbonate/bicarbonate buffer at 4˚C overnight.
Plates were washed three times with PBST (0.1% Tween in PBS) and blocked with 0.5% solution of non-fat dried milk in PBST for 1 h at 37˚C. Serum samples were diluted in 1:5 and added to the wells, then and incubated for 1 h at 37˚C. Later, plates were incubated with 1 µg/ml of human VEGFR1/Flt-1 biotinylated antibody (R&D Systems) at 37˚C of 1 h. After washed, the secondary antibody was Streptavidin-HRP (R&D Systems) diluted 1:200. After five washes with PBST, the substrate was developed with 3,3',5,5'-tetramethyl benzidine (TMB) (Sigma-Aldrich, USA), which was developed at RT for 20 min and stopped with 2 M H 2 SO 4 . Plates were read by a Bio-Rad microplate reader at 450 nm.
Immunohistochemistry. The tissues were fixed in 4% paraformaldehyde and embedded in paraffin. Lungs and tumors were cut into sections and stained with hematoxylin and eosin. Frozen tumor tissues were stained for blood vessels using a monoclonal rabbit anti-mouse CD-31-phycoerythrin conjugate (BD, USA). Nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI; dilution 1:5000). Apoptosis was determined by TUNEL staining, using DeadEnd™ Fluorometric TUNEL System (Promega, USA). The sections were examined with an upright fluorescence microscope. In addition, tissues simples of kidney, liver, heart and brain were sectioned and stained with H&E to measure the toxicity.
Analyzing angiogenesis-related proteins levels in the serum.
To examine the change of angiogenesis-related protein levels, serum was collected and stored at -20˚C. Mouse Angiogenesis Array kit (R&D System), which can detect expression levels of 53 mouse angiogenesis related proteins, was used. Array data can be quantified on developed X-ray film by scanning the film on transmission-mode and using image analysis software (Quantity One) to analyze the array image file.
Statistical analysis. SPSS 17.0 was used for statistical analysis. Data were expressed as mean ± SE. One-way analysis of variance or the unpaired Student's t-test were used for comparison between groups. Differences were considered statistically significant at P<0.05. Comparisons of image analysis measurement, tumor volume and metastasis were performed.
Results
Inhibition of s.c. tumor growth and spontaneous lung metastases. VEGF is necessary for the development of neovasculatures at very early stages of tumorigenesis (24) (25) (26) . AAV2-VEGF-Trap was injected intravenously at early stage of tumor about 3 mm in diameter. Although, every animal developed a tumor, the growth rate of the AAV2-VEGF-Trap group was significantly slower than that in the NS group and AAV2-Null group (Fig. 1A) . The mice of all groups were chal- showed that AAV2-VEGF-Trap group significantly reduced metastatic load, compared to the other groups (Fig. 1B and C) .
However, pulmonary tumor deposits were strikingly smaller in the AAV2-VEGF-Trap-treated lungs in comparison with the controls (Fig. 2A) . At the same time, the lung weight of AAV-VEGF-Trap group was obviously less than that of NS group and AAV2-Null group (Fig. 1D) . These results indicated that AAV2-VEGF-Trap can effectively inhibit the growth of primary breast tumors and spontaneous pulmonary metastases in mice with established 4T1 breast tumor.
Inhibition of angiogenesis and promotion of tumor apoptosis.
To further investigate whether the decreased tumor growth was associated with a reduction in the tumor angiogenesis, frozen tumor sections were stained with anti-CD31 antibody (Fig. 2B, lower) and counterstained with DAPI (Fig. 2B, upper) . The AAV2-VEGF-Trap group exhibited apparent inhibition of angiogenesis compared with the control groups (the NS group and AAV2-VEGF-Trap group) (Fig. 2C) . In order to estimate apoptosis in tumor tissues, TUNEL staining was performed. Apparently more apoptotic cells were observed in the tumor sections of mice treated with AAV2-VEGF-Trap than that with AAV2-Null and NS ( Fig. 2D and E) .
Expression of AAV2-VEGF-Trap in vitro and long-term expression in vivo.
The above studies indicated that AAV2-VEGF-Trap could block the formation of neovascularization and inhibit tumor growth, due to the expression of VEGF-Trap. In vitro, western blot analysis of the cell supernatant revealed the expression of VEGF-Trap following transfected with AAV2-VEGF-Trap comparing with AAV2-Null (Fig. 3A) . Next, we monitored the expression of VEGF-Trap in the sera of mice injected rAAV2-VEGF-Trap in the tumor model. The blood of the mice was obtained on days 0, 1, 3, 7, 21 and 28 after intravenous administration of 6x10 9 vg of AAV2-VEGF-Trap; and the sera were used to analyze VEGF-Trap by ELISA. VEGFTrap levels remained at similar levels until the last evaluation at 28 days (Fig. 3B) . No VEGF-Trap was detected in the sera from mice that received AAV2-Null and NS. To evaluate the expression profile of AAV2-VEGF-Trap in normal mice after intravenous administration of AAV2-VEGF-Trap, the blood was obtained every week for 13 weeks. The expression of VEGF-Trap was sustained for 13 weeks (Fig. 3C ) by adenoassociated virus mediated gene therapy. The result implied that a single intravenous administration of AAV2-VEGF-Trap can sustain the long-term expression of VEGF-Trap.
AAV-VEGF-Trap reduces the expression of angiogenesis-related factors.
To analyze the relative levels of angiogenesis-related proteins, serum samples were detected via the Proteome Profiler Mouse Angiogenesis Array kit. Our results revealed that the expression of many angiogenic growth factors had been obviously reduced in mice treated with AAV2-VEGF-Trap than the control groups (Fig. 4, Table I ), which suggested that the decreased tumor volumes and metastasis of AAV2-VEGF-Trap group may be caused by decreased expression of the angiogenesis-related proteins.
Toxicity of AAV2-VEGF-Trap. In general, the viruses have security issues. We examined the potential toxicity of AAV2-VEGF-Trap by measuring changes in body weight every 3 days, and morphological analyses of major organs. There was no obvious difference in body weight between the experimental group and the control groups (Fig. 5A) . Sections of heart, liver, spleen and kidney were stained with hematoxylin and eosin. Overall, no obvious or significant differences were detected in response to AAV2-VEGF-Trap and AAV2-Null compared with NS group (Fig. 5B) .
Discussion
Angiogenesis plays a key role in tumor growth and metastasis. Tumor angiogenesis is regulated by a variety of active substances. Many angiogenic factors have been implicated in the regulation of the growth and metastasis of solid tumors. VEGF is a main angiogenic factor (27, 28) , both in physiological or pathological processes it has important implications (29) . In angiogenesis, tumor growth and metastasis, VEGF plays a critical role and is overexpressed in the majority of solid Table I . Mean pixel density of angiogenesis factors of each group. We have constructed a recombinant adeno-associated virus (AAV) expressing VEGF-Trap for the first time as shown both in vitro and in vivo models of angiogenesis. VEGF-Trap, a high-affinity soluble decoy receptor, comprises portions of the extracellular domains of both the second Ig domain of VEGFR1 with the third Ig domain of VEGFR2 fused to an Fc segment of human IgG. In clinical trials, VEGF-Trap has been shown to require repeated intravenous administration to maintain adequate therapy levels with the accompanying high cost, and the patient's resistance compared to a single administration. AAV vectors have not shown any danger and are very simple, so it can persist stably in transduced cells and achieve long-term transgene expression. Thus, in the present study, we chose recombinant AAV2 as gene delivery system to study the efficacy of VEGF-Trap in the mouse tumor model.
Transfected with AAV2-VEGF-Trap the cells led to expression of VEGF-Trap compared with the control, in vitro. Treatment of tumor-bearing mice with a single intravenous administration of 6x10 9 vg of AAV2-VEGF-Trap caused a tumor volume reduction. In addition, lung metastases markedly decreased in both size and number in the 4T1 model. Analyzing tumor microvessels with CD31 immunohistochemistry showed an obvious reduction of microvessel density in AAV2-VEGF-Trap, compared with the NS and AAV2-Null groups. Furthermore, AAV2-VEGF-Trap increased the extent of apoptosis over that produced by the control groups. We demonstrated that injection of AAV2-VEGF-Trap resulted in persistent high levels of VEGF-Trap in serum (0, 1, 3, 7, 14, 21 and 28 days after administration of AAV2-VEGF-Trap). The normal female Balb/c mice with a single intravenous administration of 6x10 9 vg of AAV2-VEGF-Trap can be achieved obvious long-term expression for at least three months. No VEGF-Trap was detected in the injection of AAV2-Null. Through detecting the relative levels of angiogenesis-related proteins in the sera, the result showed obvious decrease not only of the concentration of VEGF in sera, but also the concentration of other angiogenic factor, such as aFGF, bFGF and angiopoietin-1.
Most preclinical and clinical studies of anti-VEGF agents have focused on targeting VEGF or its receptors. Several agents have shown promise in controlling tumor growth and lung metastasis, for example, VEGF-Trap. In previous studies, VEGF-Trap had minimum interactions with the extracellular matrix, and this property obviously accounts for its satisfactory pharmacokinetic profile, superior to soluble forms of VEGFR-1 to prevent VEGF from binding to its normal receptors by administering decoy VEGF receptor to block the VEGF signaling pathway (16, (33) (34) (35) (36) . In previous studies, purified VEGF-Trap proteins were administered, with the major problem in pharmacotherapy of side effects of the constant VEGF-Trap administration and the limited half-life of VEGFTrap (37), requiring multiple injections. Gene therapy has advantages of maintaining sustained levels of VEGF-Trap in vivo, which enhanced antitumor efficacy. AAV vectors are widely used in preclinical and clinical gene therapy because of the low pathogenicity and toxicity, and sustained long-term expression of the target gene.
Taken together, AAV2-VEGF-Trap ultimately limits the blood supply and markedly increases tumor cell apoptosis. AAV2-mediated sustained expression of VEGF-Trap was safe and efficacious of gene therapy. This treatment dramatically reduces tumor burden and inhibits spontaneous metastasis via systematic effect of VEGF-Trap. In addition, long-term expression of a single administration of AAV-VEGF-Trap simultaneously reduces the expression of angiogenesis-related factors.
